Photonic band-edge lasers are realized in the free-standing triangular photonic crystal slab with InGaAsP quantum wells at 80 K. Surface-emitting lasing actions are observed from the samples whose wavelengths correspond to the second or the third photonic band edge near the ⌫ point of the band structure, which is confirmed by the three-dimensional finite-different time-domain calculation. A very low threshold of 35 W ͑incident pump power͒ is achieved from the laser operating near the third transverse-electric-mode band edge. This low threshold is benefited from low optical losses near the ⌫ point as well as reduced surface recombination carrier losses and enhanced material gain at low temperature. It is interesting to note that this two-dimensional distributed feedback lasing action is observed from a surprisingly small pump area of 6 m in diameter.
Recently, two-dimensional ͑2D͒ photonic crystal lasers have attracted much attention. [1] [2] [3] [4] [5] [6] [7] [8] [9] There have been two types of such lasers. The first one has a resonant cavity defined near the defect and lasing actions arise from the resonant cavity modes. [1] [2] [3] [4] The second type of photonic crystal lasers does not have any physically defined cavity. [5] [6] [7] [8] [9] The operation of this laser is based on the enhancement of the optical density of states at the photonic band edges. [10] [11] [12] [13] This photonic band-edge laser is a 2D analogue of the one-dimensional ͑1D͒ distributed feedback laser. Experimentally, successful band-edge lasing operation has been demonstrated by using semiconductor 5, 9 or organic materials. [6] [7] [8] Some interesting features have been observed such as 2D feedback mechanisms, 7 saddle point lasing, 8 and mirrorless lasing. In all these previous demonstrations of band-edge lasing actions, the periodic refractive index variation (⌬n) has been very small, typically, on the order of 0.1, and, the active area was larger than ͑100 m͒ 2 to achieve enough gain for lasing. In this letter, we report photonic band-edge lasers formed in a free-standing photonic crystal slab. Since the air hole patterns are entirely transferred through the slab, ⌬n of the structure is larger than 2. Theoretical investigation has predicted that the threshold of band-edge lasers will decrease with ⌬n. [11] [12] [13] As ⌬n increases, bands near the Brilliounzone edges become flatter. Then, the group velocity of photons becomes lower and the threshold gain will be reduced. In addition, large ⌬n also results in small device size. Sakoda showed by calculation that only a small number of periodic arrays ͑ϳ5͒ could produce significant light amplification. 13 The band-edge laser structures are fabricated in InGaAsP/InP materials. Seven pairs of strain-compensated InGaAsP quantum wells are used as the active material. Triangular lattice air-hole patterns are formed by using electronbeam lithography and Cl 2 -assisted Ar-beam etching. The patterned layer is then separated from the InP substrate to leave a free-standing slab by use of wet etching with diluted HCl solution. The thickness of the InGaAsP slab is 200 nm. The lattice constant of the samples is varied from 400 to 1200 nm. The size of each sample is about 20 m. A top-view scanning electron micrograph of a fabricated structure is shown in Fig. 1 . In fact, this defect-free air-bridge slab structure is nearly identical to those investigated in several other works where emission characteristics or enhanced light extraction have been reported. 14 -16 At room temperature, no lasing action is observed in this structure. At low temperature, however, very strong band-edge lasing is achieved from the structure in Fig. 1͑a͒ . The realization of band-edge lasing is ascribed to the much reduced surface recombination carrier losses and increased material gain at low temperature.
The fabricated structures are pulse pumped by a 980 nm laser diode. The samples are placed inside a liquid-nitrogen cryostat and the temperature is maintained at 80 K. APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 19 13 MAY 2002 pump pulse width is 10 ns and the duty cycle is 4%. The pump spot size is about 6 m. Emitted light is collected from the top of the sample by a ϫ20 objective lens. Laser emissions from samples with various lattice parameters are observed. When the lattice constant of the samples is smaller than 600 nm, in-plane propagation of the laser emission is observed, indicating that the lasing action originates from the band edges below the light line. On the contrary, vertical emitting characteristics are observed when the lattice constant is larger than 600 nm. These vertical-emitting lasing actions occur near the ⌫ point of bands above the light line of a photonic band structure. 5, 9 In this letter, we focus our attention on the vertical-emitting photonic band-edge lasers. The lasing wavelengths for the samples with lattice constant Ͼ600 nm are plotted in Fig. 2͑a͒ . The air-hole radius of the plotted samples is about 0.35 a. Lasing in a wide spectral range, 1290-1480 nm, is observed.
In order to compare the measured lasing wavelengths with the calculated results, the photonic band structure is calculated by using the three-dimensional ͑3D͒ finitedifference time-domain ͑FDTD͒ method. 17, 18 Bloch and perfectly matched layer boundary conditions are employed for the horizontal and vertical boundary conditions, respectively. In Fig. 2͑b͒ , the band structure for the transverse electric ͑TE͒ mode is plotted along the ⌫-M direction of the triangular lattice. The slab thickness and air-hole radius are 0.2 a and 0.35 a, respectively, where a is the lattice constant. The refractive index of the slab material is chosen to be 3.4. Modes below the light line are guided along the photonic crystal slab and modes above the light line are classified as leaky modes that easily couple to the free space out of the slab. The calculated band-edge frequencies at the ⌫ point are represented as solid lines in Fig. 2͑c͒ for the air-hole radius of 0.35 a. The measured wavelengths in Fig. 2͑a͒ are converted to the unit of the normalized frequency and plotted in Fig. 2͑c͒ as solid dots. Square and circle symbols correspond to the second and the third TE-mode band edge, respectively. The nonuniformity of the air holes and the measurement errors of the lattice parameters are partly responsible for the small discrepancy of calculated and measured data. The other reason is related to the fact that the Bloch wave vector k is not exactly defined due to the small active area. This means that the measured band-edge lasing wavelengths do not exactly correspond to the ⌫ point. 11 The characteristics of a photonic crystal slab band-edge laser with the lowest threshold are shown in Fig. 3 . The lattice constant of this laser sample is 1000 nm, so this laser operates near the third TE-mode band edge, as one can see from Fig. 2͑c͒ . The lower threshold at the third band edge in the 2D structures has also been predicted in theoretical works. 11, 13 A typical vertical-emitting circular mode pattern observed in this laser is shown in Fig. 3͑a͒ . This laser does not have a definite polarization direction, as shown in Fig.  3͑b͒ , which indicates that lasing oscillations along several in-plane directions participate in this band-edge lasing action. 5, 7 The output power measured at the lasing wave- length is plotted as a function of incident peak pump power in Fig. 3͑c͒ . The laser threshold exists at the peak pump power of around 35 W. The spectrum at this pump power is shown in the inset of Fig. 3͑c͒ . The density of the threshold pump power absorbed in quantum wells is estimated to be about 25 W/cm 2 . This threshold power and power density are one of the lowest values reported for semiconductor lasers at this temperature. 19, 20 The threshold carrier density is estimated to be about 5ϫ10 17 cm Ϫ3 . The transparent carrier density of the active medium is calculated based on the model in Ref. 21 . It turns out that this threshold carrier density is nearly equal to the transparent carrier density, implying very small carrier and optical losses.
The in-plane propagation loss of this band-edge laser will be small due to the much reduced group velocity near the band edges, especially for the large ⌬n slab. The vertical-emitting characteristic also indicates that the optical loss of this laser is mainly limited by the vertical coupling loss. The vertical loss is also expected to be small because there is essentially no optical loss at the exact ⌫ point of certain bands. 18 To define a true ⌫ point, however, one has to consider infinite 2D photonic crystals. If band-edge lasing is observed from a finite region, the laser mode should contain nonzero k components. The quality factor ͑Q͒ near the third TE band edge is calculated along the ⌫-M direction by using the 3D FDTD method and plotted in Fig. 4 . The parameters used in this calculation are the same as those used in Fig. 3 . At small k values near the ⌫ point, Q is very high. It is still larger than 2000 when k is less than 0.05 times the M point ͓2/(ͱ3a)͔. This k value roughly corresponds to the amount of uncertainty of the wave vector when the realspace pump area is 6 m and the lattice constant is 1000 nm. Note that the pump area contains only ϳ30 unit cells of the photonic crystal patterns. Assuming the in-plane optical loss is much smaller than the vertical loss, this Q value can be accepted as the lower bound of the Q of the laser mode. The Q of ϳ2000 is similar to or larger than that of the monopole or dipole mode of the reported triangular photonic crystal single defect lasers.
1,3 Therefore, we can conclude that the optical loss near the ⌫ point of photonic bands is sufficiently low to reach the lasing threshold.
In summary, photonic band-edge lasers with InGaAsP quantum wells are demonstrated at 80 K by optical pumping. The lasers operate near several photonic band edges of the free-standing photonic crystal slab. Very-low-threshold pump power of ϳ35 W with 6 m pump area has been achieved in the photonic crystal laser operating at the third TE-mode band edge. The low-threshold operation is attributed to the low surface recombination carrier losses and increased material gain at low temperature and the low optical losses near the ⌫ point of the photonic band. The demonstrated photonic band-edge lasers can be regarded as a class of low-threshold microlasers. 
